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Gene transfer to differentiated airway epithelia with existing viral vectors is very inefficient when they are 
applied to the apical surface. This largely reflects the polarized distribution of receptors on the basolateral 
surface. To identify new receptor-ligand interactions that might be used to redirect vectors to the apical 
surface, we investigated the process of infection of airway epithelial cells by human coronavirus 229K (HCoV- 
229E), a common cause of respiratory tract infections. Using immunohistochemistry, we found the receptor for 
HCoV-229E (CD13 or aminopeptidase N) localized mainly to the apical surface of airway epithelia. When 
HCoV-229E was applied to the apical or basolateral surface of well-differentiated primary cultures of human 
airway epithelia, infection primarily occurred from the apical side. Similar results were noted when the virus 
was applied to cultured human tracheal explants. Newly synthesized virions were released mainly to the apical 
side. Thus, HCoV-229E preferentially infects human airway epithelia from the apical surface. The spike 
glycoprotein that mediates HCoV-229E binding and fusion to CD13 is a candidate for pseudotyping retroviral 


envelopes or modifying other viral vectors. 


While gene transfer is considered the most direct means to 
treat or prevent the lung disease associated with cystic fibrosis, 
several barriers prevent the practical application of this ap- 
proach (36). A problem that currently limits efficient gene 
transfer to airway epithelia is that the receptor in most cases is 
localized to the basolateral surface. This has been demon- 
strated for several retroviral envelopes (32, 33), adenovirus 
(19, 31, 34), and adeno-associated virus (7). Thus, the mere 
fact that a viral vector is derived from a respiratory pathogen 
does not imply that it will efficiently transduce airway epithelia 
via the apical surface. 

As a first step in identifying novel ligand-receptor interac- 
tions that might be exploited to direct vectors to the apical 
surface of airway epithelia, we studied the infection process of 
human coronavirus 229E (HCoV-229E) in well-differentiated 
airway epithelia. Human coronaviruses are enveloped, plus- 
stranded RNA viruses represented by the two serologically 
unrelated strains, HCoV-229E and HCoV-OC43, that cause 
mainly upper respiratory tract infections (3, 16). Epidemiolog- 
ical data demonstrate that the HCoV infections are responsi- 
ble for approximately one-third of common colds (17, 35). 
HCoV-229E contains a genomic RNA of 27,277 nucleotides, a 
nucleocapsid (N) protein and a lipid envelope with three major 
membrane proteins. The three membrane proteins are the 
membrane (M) glycoprotein, the envelope (E) protein, and the 
surface spike (S) glycoprotein (11). 

We selected HCoV-229E for our studies for several reasons. 
First, it is a common cause of respiratory infections in humans 
(16). Second, the viral proteins involved in cell binding and the 
host cell glycoprotein that serves as the receptor have been 
identified (20, 38). Third, infection by HCoV-229E involves 
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both binding and membrane fusion events that are mediated by 
the S glycoprotein. These events are features common to the 
envelopes of recombinant retroviral vectors that we and others 
are currently investigating for gene transfer (10, 12, 18, 32, 33). 
Finally, human aminopeptidase N (hAPN), a membrane- 
bound metalloprotease, has been identified as the receptor for 
HCoV-229E (38). Identical to CD13, a glycoprotein surface 
marker on monocytes and granulocytes (15, 21, 38), this re- 
ceptor is also expressed on neuronal cells, renal tubule epithe- 
lia, intestinal epithelia, and pulmonary epithelia (1, 13, 14, 27). 
The native function of this protein is to remove amino-termi- 
nal residues from short peptides in the gut and from neuro- 
transmitter peptides in the brain (14). 

Although HCoV-229E is an important respiratory pathogen, 
no studies have specifically investigated the polarity of infec- 
tion in differentiated airway epithelia. In this report, we used 
primary cultures of human airway epithelia and human tra- 
cheal explants to study HCoV-229E entry. We found that the 
apical surface of differentiated airway epithelia expresses the 
CD13 receptor and that HCoV-229E infects differentiated air- 
way cells preferentially from the apical surface. These results 
suggest that the HCoV-229E spike glycoprotein is a candidate 
for pseudotyping retroviral envelopes or modifying other viral 
vectors to target gene transfer to the apical surface of airway 
epithelia. 


MATERIALS AND METHODS 


Virus strain and antibodies. HCoV-229E (VR-740) and the human lung 
fibroblast cell line MRC-5 (CCL-171) were used in these studies. Goat polyclonal 
antiserum was raised against HCoV-229E virions that had been propagated in 
WI-38 cells. Virions from the supernatant medium were purified by ultracentrif- 
ugation in sucrose density gradients as previously described for murine corona- 
virus, mouse hepatitis virus (MHV) (9). This antibody recognizes the viral struc- 
tural proteins, including the S glycoprotein, the N protein, and the M 
glycoprotein of HCoV-229E. The anti-CD13 mouse monoclonal antibody was 
purchased from PharMingen (San Diego, Calif.). Monoclonal anti-goat or anti- 
mouse immunoglobulin G (IgG) with a fluorescein isothiocyanate (FITC) con- 
jugate was purchased from Sigma (St. Louis, Mo.). 
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FIG. 1. The HCoV-229E receptor aminopeptidase N is abundantly expressed 
on the apical surface of differentiated human airway epithelial cells. Nonperme- 
abilized, well-differentiated human airway epithelial cells were fixed and immu- 
nostained with a mouse anti-human CD13 antibody by directly applying the 
antibody to either the apical or basal surface. Samples were examined by con- 
focal microscopy. (A) CD13 expression on apical surface; (B) CD13 expression 
on basal surface; (C) higher magnification view of apical surface demonstrating 
detailed stained cell boundaries; (D) x-z image construction showing character- 
istic apical cell surface staining pattern. When the primary antibody was omitted 
or mouse serum was substituted, no signal was detected (data not shown). Data 
shown are representative of two independent experiments done using cells de- 
rived from different donor lungs. 


Virus production and titers. HCoV-229E virus was grown in MRC-S cells as 
previously reported (38). To determine the titers of the virus, serial dilutions of 
HCoV-229E were applied to a confluent cell layer of MRC-S5 cells. After a 1-h 
infection, the virus was removed. The cells were kept in culture for an additional 
16 h. The focus-forming units (FFU) were determined by an immunostaining 
approach described below (“Infection of human airway epithelia by HCoV- 
229K”). 

Primary cultures of human airway epithelia. Well-differentiated primary hu- 
man airway epithelial cells were obtained from the Tissue Culture Core of the 
Cystic Fibrosis Center at the University of Iowa. Airway epithelia were isolated 
from nasal polyps, trachea, and bronchi and grown on collagen-coated perme- 
able membranes at the air-liquid interface as previously described (40). All 
preparations used were polarized and well differentiated (>2 weeks old; trans- 
epithelial resistance, >1,000 Q X cm?) (37, 40). In contrast to cells grown on 
tissue culture plastic, primary cultures of differentiated human airway epithelia 
morphologically resemble the human airways in vivo (37, 40). Similar to the 
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human airways in vivo, they are relatively resistant to transduction by both viral 
and nonviral vectors applied to the apical surface (8, 19, 32-34, 39, 40). This 
study was approved by the Institutional Review Board at the University of Iowa. 

Immunolocalization of CD13 on human airway epithelia. Differentiated hu- 
man airway epithelia were fixed for 20 min in 4% paraformaldehyde and rinsed 
twice in phosphate-buffered saline (PBS) for 10 min each time. No agents were 
used to permeabilize the cells. A blocking solution with 5% bovine serum albu- 
min (BSA) was applied for 1 h. A 150-wl portion of mouse anti-human CD13 
antibody at a concentration of 5 g/ml was applied to the apical or basal surface 
for 1 h. The cells were then rinsed with PBS three times over a period of 60 min. 
A 150-1 portion of FITC-conjugated anti-mouse IgG antibody at a concentra- 
tion of 5 g/ml was applied to the apical or basal surface for 1 h. After the PBS 
washes, the cells were mounted on slides using Vectorshield mounting medium 
with 4’-6'-diamidino-2-phenylindole (DAPI; Vector Laboratory, Burlingame, 
Calif.) and were examined under a laser scanning confocal microscope (MRC 
1024; Bio-Rad). To localize the receptor in lung tissue, human tracheal speci- 
mens were fixed in 4% paraformaldehyde for 1 h and rinsed in PBS. The tissues 
were then embedded in OCT and 10- to 15-.m cryosections were obtained. The 
sections were immunostained for CD13 proteins as described above. 

Infection of human airway epithelia by HCoV-229E. Well-differentiated airway 
cells were infected with HCoV-229E at a multiplicity of infection (MOI) of 0.1. 
Virus was applied to either the apical or the basal surface for 1 h at 37°C as 
previously described (32). At 10 to 16 h postinfection, the cells were fixed with 
4% paraformaldehyde for 20 min and then rinsed twice with PBS for 20 min. A 
blocking solution with 5% BSA was applied for 1 h followed by incubation with 
the goat polyclonal anti-HCoV-229E antibody (dilution, 1:100) for 1 h. After the 
secondary antibody reaction, the slides were counterstained with DAPI, mounted 
in Vectorshield mounting medium, and examined microscopically. A total of 500 
cells from each epithelium were counted to determine the percentage of cells 
expressing HCoV proteins. HCoV-infected control cells and noninfected control 
cells treated with normal goat serum were negative for HCoV-229E proteins, 
confirming the specificity of the antisera (data not shown). 

Polarity of release of HCoV-229E from differentiated airway epithelial cells. 
Well-differentiated human airway epithelial cells were infected from the apical or 
basolateral surface for 1 h with HCoV-229E (MOI, ~0.1). Samples were col- 
lected at the indicated times from both surfaces following apical or basal infec- 
tion. To investigate the polarity of virus release, the basal medium (500 wl) was 
collected at 48 h postinfection. Similarly, to determine viral release from the 
apical side, the apical surface was washed with 500 wl of saline. The virus titers 
of the collected solutions were then determined on MRC-5 cells. 

Electron microscopy. To confirm the virus release assays, virus egress from the 
apical and basal surfaces was examined using transmission electron microscopy. 
Ninety-six hours following inoculation with HCoV-229E from the apical surface, 
human airway epithelia were fixed in 2.5% glutaraldehyde (0.1 M sodium caco- 
dylate buffer, pH 7.4) overnight at 4°C and then postfixed with 1% osmium 
tetroxide for 1 h. Following serial alcohol dehydration, samples were embedded 
in Eponate 12 (Ted Pella, Inc., Redding, Calif.). Sectioning and poststaining 
were performed using routine methods (2a). Samples were examined under a 
Hitachi H-7000 transmission electron microscope. Epithelia from three different 


FIG. 2. The HCoV-229E receptor preferentially localizes to the apical surface of human trachea. Tracheal tissues were immunostained with the anti-human CD13 
monoclonal antibody as described in Materials and Methods. For panels A and B, normal mouse serum (control) was substituted for the primary antibody. Nuclear 
staining of the epithelia with DAPI (blue); dotted lines indicate location of basement membrane. In all cells stained with anti-CD13 antibody (panels C and D), CD13 
expression was seen along the apical surface of some of the tracheal cells (arrowheads). Results are representative of two independent experiments performed using 


cells from different donor tissues. 
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FIG. 3. HCoV-229E infects airway epithelial cells preferentially from the 
apical surface. Well-differentiated airway epithelial cells were inoculated with 
HCoV-229E at an MOI of 0.1 from the apical (A) or basal (B) surface for 16 h, 
and immunofluorescent staining for HCoV-229E proteins was performed to 
document the polarity of infection, as indicated by the percentage of HCoV- 
229E protein-expressing cells (C). The efficiency of infection was significantly 
greater from the apical surface (P < 0.05 by Student’s ¢ test). 


human specimens were examined. Four to five grids from each preparation were 
studied. 

Measurement of transepithelial resistance. Transepithelial resistance was 
measured following HCoV-229E infection in differentiated airway epithelia. 
Transepithelial resistance was measured with an ohmmeter (EVOM; World 
Precision Instruments, Inc., Sarasota, Fla.) by adding cell culture media to the 
apical surface, and the values were compared to untreated controls. Virus was 
applied to the apical surface as described above, and serial resistance measure- 
ments were made. 
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Infection of human tracheal explants with HCoV-229E. Human tracheal ex- 
plants (~0.5 cm? in size) were placed in airway culture media in a 24-well culture 
dish and grown in short-term culture (n = 4). The mucosal surface of the 
explants was maintained above the media. A 240-1 portion of HCoV-229E (4 x 
10° focus-forming units/ml) was applied to the mucosal surface. Repeated ap- 
plications were required, as the virus solution remained on the apical surface of 
the explant only for short time intervals due to the unevenness of the tissue 
pieces. Two control explants were fixed in 4% paraformaldehyde immediately 
following the application of the virus, while the other explants remained in 
contact with the virus for 1 h and were then rinsed with cell culture medium to 
remove any unbound virus. Twenty-four hours later the samples were fixed in 
paraformaldehyde and embedded in OCT, and 15- to 20-ym-thick frozen sec- 
tions were prepared. Immunofluorescent staining for HCoV-229E proteins was 
performed as described above. 


RESULTS 


CD13 expression on airway epithelia. The interaction of a 
virus and its receptor initiates the infection process. The re- 
ceptor for HCoV-229E has been identified as hAPN (38). 
Interestingly, hAPN is identical to CD13, a surface marker on 
granulocytes, monocytes, and their progenitors (21). Although 
this receptor has been detected on epithelia from several or- 
gans, including the lung, no studies of its distribution on well- 
differentiated pulmonary epithelia have been reported. 

Confocal microscopy showed positive CD13 staining on the 
majority of airway epithelial cells when antibodies were ap- 
plied to the apical surface (Fig. 1A and C). At a higher mag- 
nification, individual stained cells were clearly visible (Fig. 1C). 
The amount of CD13 expressed per cell differed somewhat, but 
most cells showed some expression. An x-z plane section con- 
firmed the apical localization of the receptor (Fig. 1D). In 
contrast to the apical staining, CD13 expression on the basal 
surface was much weaker (Fig. 1B). 

To confirm the findings from cultured airway cells, we also 
immunostained cryosections of human trachea. Figure 2 shows 
an apical expression pattern for CD13 (Fig. 2D), and labeling 
of the basal membrane was weaker (Fig. 2B). From these data 
we conclude that the receptor for HCoV-229E is preferentially 
expressed on the apical surface of differentiated airway epithe- 
lia. 

Polarity of HCoV-229E infection of airway epithelia. To 
investigate the polarity of HCoV-229E binding and infection, 
we applied the virus to well-differentiated human airway epi- 
thelial cells from the apical or basal side (MOI, 0.1). After 
16 h, the infected cells were immunostained for expression of 
HCoV proteins. As shown in Fig. 3, HCoV-229E infects airway 
epithelia from the apical surface more efficiently than from the 
basal surface. Figure 3C shows that the efficiency of virus 
infection following apical inoculation with the virus was ap- 
proximately five- to sixfold greater than that following basal 
inoculation. 

Polarity of release of HCoV-229E in airway epithelia. Polar- 
ity of virus release from airway epithelial cells may determine 
whether a virus will spread systemically or remain in the respi- 
ratory tract. Since coronaviruses tend to cause disease limited 
to the respiratory and or gastrointestinal systems, we hypoth- 
esized that virus would be released from the apical surface. We 
inoculated differentiated airway epithelia with HCoV-229E 
from the apical or basal surfaces as described above. At 48 h 
postinfection, infectious virus was collected from the apical or 
basal surfaces. The released virus was quantified by determin- 
ing the titers on MRC-5 cells or human airway epithelia. The 
apical washes always contained more virus than the basal 
washes (the numbers of virus particles released were as follows 
[values are means ~ the standard errors of the means from 
experiments performed in triplicate]: for apical collection, 
1.05 X 10* + 0.15 X 10* FFU/ml following apical infection and 
5.67 X 10? + 3.21 x 10° FFU/ml following basal infection; for 
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FIG. 4. Transmission electron microscopy of airway epithelia infected with HCoV-229E. (A) HCoV virions were frequently detected on the apical surface of 
epithelia (arrowheads) (A), but individual virions were not seen in vesicles or released at the basolateral surface (B). The lower portion of panel B shows the permeable 
membrane on which the epithelia were growing. A total of 100 cells from three epithelial preparations were examined. N, nucleus; M, mitochondria; F, permeable filter. 


Bar = 200 nm. 


basal collection, 9.33 < 10? + 3.06 x 10? FFU/ml following 
apical infection and 1.00 x 107 + 1.00 x 10? FFU/ml following 
basal infection). The data show that HCoV-229E preferentially 
releases its progeny viral particles to the apical side of the 
epithelial cells. 

In additional experiments, transmission electron microscopy 
was used to assess virus egress from the apical and basolateral 
surfaces of airway epithelia. As shown in Fig. 4A, virions were 
readily observed on the apical surface of infected cells. In the 
same specimens, we also examined the basolateral surfaces of 
epithelia for virus, but similar viral particles were not visualized 
(Fig. 4B). 

Effect of HCoV-229E infection on transepithelial resistance. 
We hypothesized that infection with HCoV-229E would cause 
a time-dependent fall in transepithelial resistance (R,.) across 
airway epithelia. However, when the R,, was measured both 
before infection and 4 days following infection with an MOI of 
0.1 from the apical surface, there were no significant differ- 
ences. The mean baseline R,, + the standard error of the mean 
was 1,751 + 72 0 X cm? for the control versus 1,572 + 196 
Q X cm? for infected epithelia. Four days following infection, 
the R,,. was 1,920 + 138 © Xx cm? for the control versus 1,820 + 
94 X cm? for infected epithelia (n = 6 epithelia/condition, 
performed on three different epithelial preparations). Daily 
resistance time course studies between baseline and day 4 also 
showed no significant changes on any day (data not shown). 

Infection of human trachea by HCoV-229E in vitro. To fur- 
ther confirm the findings of the in vitro cell culture model, we 
also infected human tracheal explants with HCoV-229E (200 
wl of virus [10° FFU/ml]). Twenty-four hours after infection, 
the explants were fixed and cryosections were prepared for 
immunostaining. As shown in Fig. 5, staining with the anti- 
HCoV-229E antibody demonstrated expression of viral pro- 
teins in tracheal epithelial cells at the apical surface of the 


explant. Higher magnification photos demonstrated an area of 
focal viral protein expression (Fig. 5D and F). 


DISCUSSION 


One approach to overcoming current barriers to efficient 
gene transfer to airway epithelia is to identify attachment pro- 
teins of respiratory viruses that mediate binding and entry from 
the apical surface. Such proteins might then be exploited as 
novel ligands to retarget vectors for attachment and entry via 
the apical surface. We selected HCoV-229E as a candidate 
because it is a frequent cause of respiratory tract infections (3, 
16). To our knowledge, this is the first time that the polarity of 
HCoV-229E infection and its receptor distribution have been 
investigated in differentiated human airway epithelia. We 
showed that HCoV-229E preferentially infects and leaves hu- 
man airway epithelia from the apical side, which is also the site 
of most abundant CD13 expression. 

Studies of several classes of viruses show that infection and 
release generally proceed from one side of polarized epithelia 
(30). For example, members of the paramyxovirus family, such 
as parainfluenza and measles, preferentially enter and exit 
epithelia via the apical surface (2, 22). In cultured epithelia, 
the orientation of coronavirus entry and release is also polar- 
ized to the apical or basal cell surface. The site of entry and exit 
depends upon the virus and host cell type. Transmissible gas- 
troenteritis virus, a swine enteric coronavirus, also restricts its 
entry and release to the apical surface in porcine epithelial 
kidney cells (25). In contrast, mouse hepatitis virus strain A59, 
a well-studied murine coronavirus, preferentially infects from 
the apical surface and buds from the basolateral surface of 
porcine kidney or human colon carcinoma cells expressing the 
recombinant MHV receptor and murine kidney epithelial cells. 
However, the same mouse virus almost exclusively infects and 
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FIG. 5. HCoV-229E infects human tracheal explants from the apical surface. Human tracheal explants were cultured overnight. HCoV-229E virus was applied to 
the mucosal surface, and 24 h later frozen sections of tissue were immunostained for HCoV-229E protein expression. The sections were counterstained with DAPI to 
identify cell nuclei (blue). Control specimens were processed immediately after application of the virus. No viral proteins were detected in controls (A and B), whereas 
samples infected with HCoV-229E for 24 h (C to F) showed scattered virus antigen-positive cells (indicated by arrows) at the apical surface (green). 


is released from the apical membrane of MDCK cells express- 
ing the recombinant MHV receptor, a canine kidney cell line 
(23, 24). 

We found that HCoV-229E efficiently infected differenti- 
ated airway epithelia from the apical surface and also prefer- 
entially exited through the same surface. In polarized CaCo-2 
intestinal epithelia, HCoV-229E also preferentially infects and 
exits via the apical surface (D. M. Blau and K. V. Holmes, 
unpublished data). The mechanism specifying directional re- 
lease of virions that bud at intracellular membranes is unclear 
(23, 24). Perhaps through evolution the respiratory and enteric 
coronaviruses adopted an optimal means to spread to neigh- 
boring epithelial cells. Releasing viral particles to the lumen 
(apical side) in the airways has advantages over release via the 
basolateral membrane. As we demonstrated, the HCoV-229E 
receptor is predominantly localized on the apical surface of 
airway epithelia. This polar receptor distribution would facili- 
tate the subsequent rounds of infection, if the newly produced 
virions were released to the apical surface. This direction of 
release would also tend to minimize exposure of viral antigens 
to the circulation, thereby reducing the strength of the host 


immune response and diminishing the likelihood of systemic 
infection. 

The HCoV-229E S glycoprotein is the membrane glycopro- 
tein responsible for the attachment of virions to the cell surface 
and the fusion of the envelope with cellular membranes (11, 
20). Studies of related coronaviruses, such as transmissible 
gastroenteritis virus, MHV, and infectious bronchitis virus of 
chickens, also demonstrate a similar function for the S protein 
(5, 6, 28, 29). Several laboratories have shown that it is possible 
to modify the cell tropism of retroviral vectors through enve- 
lope pseudotyping. For example, pseudotyping with the vesic- 
ular stomatitis virus G protein greatly broadens the range of 
cell types that can be infected with murine leukemia virus or 
lentiviral vectors (4). Such strategies for modifying the host 
range properties of retroviral vectors were recently reviewed 
by Russell and Cosset (26). Based on the present studies, we 
propose that the HCoV-229E § protein is a candidate for 
pseudotyping retroviral vectors, including lentiviral vectors, 
and for targeting gene transfer to the apical surface of airway 
epithelia. 
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